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Using hyperoxia as a model of oxidant-induced lung injury in the rat, we explored the regulation of heme 
oxygenase-1 (HO-I) expression in vivo and in vitro. We demonstrate marked increase of HO-1 messenger 
ribonucleic acid (mRNA) levels in rat lungs after hyperoxia. Increased HO-1 mRNA expression correlated 
with increased HO-1 protein and enzyme activity, Immunohistochemical studies of the rat lung after 
hyperoxia showed increased HO-1 expression in a variety of cell types, including the bronchoalveolar epi- 
thelium and interstitial and inflammatory cells. We then examined the regulation of HO-1 expression in 
vitro after hyperoxia and observed increased HO-1 gene expression in various cultured cells including epi- 
thelial cells, fibroblasts, macrophages, and smooth muscle cells. Increased HO-1 mRNA expression cor- 
related with increased HO-1 protein in vitro, and resulted from increased gene transcription and not from 
increased mRNA stability. We show that transcriptional activation of the HO-1 gene by hyperoxia requires 
cooperation between the HO-1 promoter and an enhancer fragment located 4 kb upstream from its tran- 
scription site. Increased HO-1 gene transcription was associated with increased activator protcin-1 (AP-1) 
binding activity and supershift of the AP-I complex by antibodies to c-Fos and c-Jun after hyperoxia. Taken 
together, our data suggest that AP-1 activation may represent one mechanism mediating hyperoxia-induced 
HO-1 gene transcription. Lee, P. J., J. Alam, S. L. Sylvester, N. Inamdar, L. Otterbein, and A. M. K. 
Choi. 1996. Regulation of heme oxygenase-1 expression in vivo and in vitro in hyperoxic lung injury. 
Am. J. Respir. Cell Mol. Biol. 14:556-568. 



Reactive oxygen species (ROS) have been increasingly impli- 
cated in the pathogenesis of a variety of diseases and impor- 
tant biologic processes, including carcinogenesis, athero- 
sclerosis, aging, and inflammatory disorders (I, 2). Toxic 
effects of these oxidants, including the superoxide and hy- 
droxy! radicals and hydrogen peroxide, commonly referred 
to as oxidative stress, can cause cellular damage by oxidizing 
nucleic acids, proteins, and membrane lipids (3, 4). The lung 
is one major target organ for injury by these ROS, generated 
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endogenously by inflammatory cells and by exogenous oxi- 
dants such as environmental pollutants, cigarette smoke, 
drugs, chemotherapeutic agents, and bacterial pathogens 
(5). One major lung disease in which the pathogenesis is 
largely oxidant-mediated is adult respiratory distress syn- 
drome (ARDS). ARDS is a disease process characterized by 
noncardiogenic edema and influx of inflammatory cells into 
the lung, where the ceils release toxic ROS capable of initiat- 
ing or amplifying lung injury (6). 

Hyperoxia when administered to rats produces patho- 
physiologic changes similar to those seen in ARDS (3-5, 7). 
This in vivo model is particularly relevant to clinical syn- 
dromes such as ARDS not only because it mimics human 
ARDS but also because hyperoxic treatment is often used as 
a therapeutic modality to support lung function in patients 
succumbing to respiratory failure (e.g., ARDS), which fur- 
ther increases the oxidant burden of the lung (8, 9). When 
adult rats are exposed to hyperoxia (> 95% 0 2 ), minimal 
lung edema or pleural effusion is observed during the first 
48 h, but increases significantly between 48 and 60 h. These 
rats will uniformly die between 60 to 72 h of continuous hy- 
peroxia (9). Increased gene expression of antioxidant en- 
zymes (AOE), particularly manganese superoxide dismutase 
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(MnSOD), copper-zinc superoxide dismutase (CuZnSOD), 
and extracellular superoxide dismutase has been shown to 
confer protection against hyperoxic stress. For instance, 
transgenic mice overexpressing MnSOD and CuZnSOD have 
increased resistance to toxic effects of hyperoxia, and mice 
lacking extracellular superoxide dismutase are more sensi- 
tive to hyperoxia (10-12). In view of this important func- 
tional role of these AOE against hyperoxic stress, intensive 
investigations have been performed to delineate the molecu- 
lar regulation of AOE expression by the lung in response to 
hyperoxia. The regulation of AOE expression in the rat lung 
in vivo after hyperoxia is complex and exerted at different 
levels (9). For instance, current evidence suggests that in- 
creased steady-state messenger ribonucleic acid (mRNA) 
levels of MnSOD are observed by 48 h of continuous hy- 
peroxia exposure, whereas mRNAs for CuZnSOD, catatase, 
and glutathione peroxidase do not change significantly (9, 
13). Additionally, the enzyme activity levels of these AOE 
are variable, since hyperoxia increases catalase and gluta- 
thione peroxidase activities, decreases MnSOD enzyme ac- 
tivity but does not alter CuSOD enzyme activity (9). 

We have recently shown that in addition to the altera- 
tions seen in AOE gene expression, other stress- responsive 
genes, including heme oxygenase-1 (HO-1), c-fos, c-jun, and 
CCAAT/enhancer-binding proteins (C/EBP)-0 and C/EBP-6, 
were increased in vivo after hyperoxia (13). Our laboratory 
has since focused and extended its studies on the regulation 
and function of HO-1 in oxidant lung injury. Heme oxygenase 
(HO), a ubiquitous enzyme in higher eukaryotes, catalyzes 
the initial and rate-limiting step in the oxidative degradation 
of heme to bilirubin (14, 15). The enzyme, utilizing NADPH 
and molecular 0 : , cleaves a meso carbon of the heme mol- 
ecule, producing biliverdin. Biliverdin is then converted to 
bilirubin by biliverdin reductase (16, 17). Two isoforms of 
HO, HO-1 (32 kD) and HO-2 (36 kD), have been shown to 
be the products of two distinct genes (18). Whereas HO-2 is 
a constitutive enzyme, HO-1 is highly inducible. Although 
heme is the major substrate of HO-1, a variety of nonheme 
products including heavy metals, cytokines, hormones, 
endotoxins, sulfhydryl reagents, and heat shock are also 
strong inducers of HO-1 expression (19-22). Much interest 
in HO-1 has been stimulated by recent observations that HO-1 
is also highly induced in response to various agents causing 
oxidative stress. Oxidant stress produced by agents such as 
ultraviolet irradiation, sodium arsenite, and glutathione de- 
pletors is a potent inducer of HO-1 (23-26). Similar to pro- 
tective effects of MnSOD against oxidant injury, recent studies 
suggest that HO-1 also plays important roles in cellular pro- 
tection against oxidant injury (27-31). Studies have also 
shown that HO-1 may mediate protection against oxidant in- 
sults such as ultraviolet irradiation and heme in vitro 
(27-29). Nath and colleagues have provided in vivo data sup- 
porting the role of HO-1 in providing protection against 
oxidant-mediated rhabodmyolysis renal injury (30). Our lab- 
oratory has also recently observed that hemoglobin-induced 
HO-1 induction plays a key role in providing protection against 
oxidant-mediated endotoxic shock and lung injury (31). 

In view of these important functional roles of HO-1 
against oxidant injury, and the fact that very little, if any, in- 
formation exists regarding the molecular regulation of HO-1 



in response to oxidant stress such as hyperoxia, we have cho- 
sen to delineate the molecular regulation of HO-1 expression 
in vivo and in vitro after hyperoxia. We show high levels of 
HO-1 mRNA in the rat lung in vivo after hyperoxia. In- 
creased HO-1 mRNA is accompanied by increased HO-1 
protein and enzyme. Using cultured cells, we show that in- 
creased HO-1 gene expression after hyperoxia is dependent 
on gene transcription. Transcriptional activation of the HO-1 
gene after hyperoxia depends on both the HO-1 gene pro- 
moter and a 5' distal enhancer fragment (SX2) located 4 kb 
upstream of the transcription site of the HO-1 gene. HO-1 
gene transcription was also associated with activation of the 
activator protein-1 (AP-1) transcriptional complex, suggest- 
ing that one mechanism underlying hyperoxia-mediated in- 
duction of the HO-1 gene may be early activation of AP-1. 

Materials and Methods 
Animals 

Pathogen-free Sprague Dawley rats (200 to 225 g) were pur- 
chased from Harlan Sprague-Dawley (Indianapolis, IN) and 
allowed to acclimate upon arrival for 7 days prior to ex- 
perimentation. Animals were fed rodent chow and water ad 
libitum. Animals were exposed to hyperoxia (> 99% 0 2 ) at 
a flow rate of 12 liters/min in a 3.70-fV plexiglass exposure 
chamber, and were supplied with rodent chow and water ad 
libitum during the exposures. At the start of the exposures 
the chamber was humidified for 10 to 15 min. At each time 
point during the exposure, animal(s) were removed from the 
chamber and immediately killed by decapitation. Lung tis- 
sues were removed and frozen in liquid nitrogen for subse- 
quent RNA and protein extraction. These experiments were 
done according to the animal protocol approved by the Ani- 
mal Care Use Committee of The Johns Hopkins University 
School of Medicine. 

Tissue Culture 

Human lung fibroblasts (WI-38 and MRC-5), human lung 
epithelial cells (A549), murine alveolar macrophage cells 
(MHS), and murine peritoneal macrophage cells (RAW 
264.7) were obtained from the American Tissue Type Col- 
lection (ATTC). Rat alveolar macrophages (NR 8383) were 
obtained from Dr. R. J. Helmke, University of Texas Health 
Science Center (San Antonio, TX). Primary cultures of rat 
aortic smooth muscle cells (passages 2 to 10) were gener- 
ously provided by Dr. Michael Crow of the National Institute 
of Aging in Baltimore, MD. All cell types were maintained 
in Dulbecco's modified Eagle's medium (DMEM; Gibco 
BRL Laboratories; Grand Island, NY) supplemented with 
10% fetal bovine serum (FBS; Hyclone Laboratories, Lo- 
gan, UT) and gentamicin (50 jig/ml), except for A549 and 
NR 8383 cells. A549 and NR 8383 cells were maintained 
in Ham-F12 medium (Gibco BRL Laboratories). Cultures 
were maintained at 37°C in a humidified atmosphere of 5% 
C0 2 /95% air. Cells were exposed to hyperoxia (95% 0 2 /5% 
COO, with the exception of experiments for Figure 6C, in a 
tightly sealed modular chamber (Billup-Rothberg, Del Mar, 
CA) at 37°C. Since hyperoxia inhibits cell growth, all experi- 
ments were conducted in quiescent confluent cells in serum 
free medium to avoid cell-density variability between control 
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and hyperoxia-exposed cells during the course of the ex- 
periment. 

Chemicals 

Actinomycin D, cycloheximide, polymyxin B, and endotoxin 
(Escherichia coli serotype 055:B5) were purchased from 
Sigma (St. Louis, MO). 

RNA Extraction and Northern Blot Analysis 

Total RNA was isolated by the STAT-60 RNAzol method, 
with direct lysis of cells or homogenization of lung tissues 
in RNAzol lysis buffer followed by chloroform extraction 
(Tel-Test "B" Inc., Friendswood, TX). Northern blot analy- 
ses were performed as previously described (22). Briefly, 10 
jtg of total RNA was electrophoresed in a 1% agarose gel and 
then transferred to Gene Screen Plus nylon membrane 
(Dupont, Boston, MA) by capillary action. The nylon mem- 
branes were then prehybridized in hybridization buffer (1% 
bovine serum albumin [BSAJ, 7% sodium dodecyl sulfate 
[SDSJ, 0.5 M phosphate buffer, pH 7.0, 1.0 mM ethylenedi- 
amine tetraacetic acid [EDTA]) at 65°C for 2 h followed by 
hybridization in hybridization buffer containing "P-labelled 
rat HO-1 complementary deoxyribonucleic acid (cDNA) at 
65 °C for 24 h. Nylon membranes were then washed twice 
in wash buffer A (0.5% BSA; 5% SDS; 40 mM phosphate 
buffer, pH 7.0; 1 mM EDTA) for 15 min each at 65°C, fol- 
lowed by washes in buffer B (1% SDS; 40 mM phosphate 
buffer, pH 7.0; 1.0 mM EDTA) for 15 min four times each 
at 65°C. Ethidium bromide staining of the gel was used to 
confirm the integrity of the RNA. To further control for vari- 
ation in either the amount of RNA in different samples or 
loading errors, blots were hybridized with an oligonucleo- 
tide probe corresponding to the 18S rRNA after stripping of 
the HO-1 probe. Autoradiogram signals were quantified by 
densitomctric scanning (Molecular Dynamics; Sunnyvale, 
CA). All densitomctric values obtained for the HO-1 mRNA 
transcript (1.8 kb) were normalized to values for 18S rRNA 
obtained on the same blot. Quantitation of steady-state HO-1 
mRNA level of treated cells is then expressed in densitomet- 
ry absorbance units, normalized to control untreated sam- 
ples and expressed as fold induction compared with controls. 

cDNA and Oligonucleotide Probes 

A full-length rat HO-1 cDNA, generously provided by Dr. 
S. Shibahara of Tohoku University, Sendai, Japan (32), was 
subcloned into pBIuescript vector. A HindHI/EcoRl diges- 
tion was performed to cut the 0.9 kb HO-1 cDNA insert out 
of the pBIuescript vector. A 24-bp oligonucleotide (5ACG 
GTA TCT GAT CGT CTT CGA ACC 3^ complementary to 
the 18S rRNA was synthesized using a DNA synthesizer 
(Applied Biosystems; Foster City, CA). HO-1 cDNA was la- 
beled with [a- 32 P]dCTP using the random primer kit from 
Boehringer Mannheim (Boehringer Mannheim, Germany). 
18S rRNA oligonucleotide was labelled with [a-"P]ATP at 
the 3' end, using terminal deoxynucleotidyl transferase (TdT; 
Bethesda Research Laboratories; Gaithersburg, MD). 

Western Blot Analysis 

Frozen tissues or cells were homogenized in lysis buffer con- 
taining NP-40 (10%). Protein concentrations of the lysates 



were determined by Coomassie blue dye-binding assay (Bio- 
Rad Laboratories, Hercules, CA). An equal volume of 
double-strength SDS/sample buffer (0.125 M Tris-HCl. pH 
7.4; 4% SDS; 20% glycerol) was added, and the samples 
were boiled for 5 min. Samples were subjected to elec- 
trophoresis in a 12% SDS-polyacrylamide gel (Novex; San 
Diego, CA) for 2 h at 20 mA. The gel was transferred elec- 
trophoretically (Bio-Rad Laboratories) onto a polyvinyli- 
dene fluoride membrane (Immobilon; Millipore. Bedford, 
MA) and incubated for 2 h in 5% nonfat powdered milk con- 
taining lx Tris-buffered saline and 1% polyoxyethylene sor- 
bitan monolaurate (TTBS). The membranes were then in- 
cubated for 2 h with rabbit polyclonal antibody against rat 
HO-1 (1:1,000 dilution). Rat HO-1 antibody was purchased 
from Stress Gen (Vancouver, Canada). After three washes 
in TTBS for 5 min each, the membranes were incubated 
with goat anti-rabbit IgG antibody (Amersham, Arlington 
Heights, IL) for 2 h. The membranes were then washed three 
times in TTBS for 5 min each, followed by detection of signal 
by using ECL detection kit from Amersham. 

Immunohistochemistry 

Methods previously described were used for immuno- 
histochemistry studies (33). Briefly, formalin (10%)-fixed 
tissue sections were rehydrated with PBS and blocked with 
2% nonfat dry milk prior to incubating with a 1:1,000 dilu- 
tion of the primary antibody anti-rat HO-1 (Stress Gen) in 
3% BSA overnight at 4°C. Sections were washed three times 
with PBS (5 min each). The secondary antibody, a bio- 
tinylated goat anti-rabbit IgG, was incubated with a dilu- 
tion of 1:500 in 3% BSA at 37°C for 1 h and detected with 
peroxidase-conjugated avidin-biotin complex. Negative con- 
trols for the nonspecific binding included normal rabbit se- 
rum without primary antibody, or secondary antibody alone. 
The slides were lightly counterstained with hematoxylin. 
The slides were scanned with Kodak Slide Scanner RFS 
2035 using the Photoshop software program of Macintosh, 
Inc. (Cupertino, CA), and color composite was printed using 
the Kodak Printer XL 770 Digital Continuous Tone. The 
Photoshop software program was used to assist the preparing 
of the composite image. 

Plasmids and Transfections 

The construction and characterization of pMHOlCAT, the 
mouse extended HO-1 promoter (1.3 kb) linked to the 
reporter gene chloramphenicol acetyl transferase (CAT), 
has been described previously (34). The construction of 
pMH01CATA-33+SX2, which contains the 5' distal en- 
hancer fragment of the HO-1 gene (SX2) linked to the 
minimal promoter and reporter gene CAT, has also been 
described previously (35) (Figure 8). The construction of 
pMHO!CAT+SX2, the extended HO-1 promoter (1.3 kb) 
linked to the SX2 distal enhancer and reporter CAT gene, 
has also been described previously (34). The construction of 
pMH03CAT, the 5' flanking region of the HO-1 gene up to 
but not containing the SX2 site (Figure 8) and linked to the 
reporter gene chloramphenicol acetyl transferase (CAT), 
has been described previously (34). The construction of 
pMHOl 1CAT, which contains a large portion of the 5' flank- 
ing region of the HO-1 gene linked to the reporter gene CAT 
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(Figure 8), was done by cloning the 11.5-kb (-3.5 to -15 
kb) Bam Hl/Bam HI fragment of XMH02-1(36) into the 
Bam HI site upstream of the HO-1 promoter in plasm id 
pMHOlCAT. Plasmids (10 itg) were stably cotransfected into 
RAW 264.7 cells with pcDNA 3-Neo (1 ^g), a plasmid con- 
taining neomycin selection marker, using Lipofectin® Re- 
agent (Gibco BRL Laboratories) according to manufac- 
turer's protocol. The cells were transfected for 24 h, after 
which time the plates were washed twice with serum-free 
media and then incubated in DMEM containing 10% FBS, 
gentamicin 50 itg/ml, and Geneticin® 100 /xg/ml (Gibco 
BRL Laboratories). At approximately 3 day intervals, the 
concentration of Geneticin® in the media was increased up 
to a maximum dose of 800 /xg/ml. The surviving colonies 
(neomycin resistant) on each plate were pooled to establish 
the sublines. 



CAT Assay 

Cellular protein extracts were harvested within 24 h after ter- 
mination of hyperoxia exposure. Cells were washed with 
cold PBS before resuspending cells in 1.0 ml of 0.125 M Tris- 
HC1 (pH 7.5), and were then lysed by three cycles of freezing 
and thawing. Cell debris were then removed by centrifuga- 
tion for 10 min at 14,000 x g. Protein concentrations of the 
supernatants used for CAT assays were determined by 
Coomassie blue dye-binding assay (Bio-Rad Laboratories). 
In a reaction mix of 150 y\ containing 20 mM acetyl CoA 
and 0.3 y.C\ [ u C]chloramphenicol (Amersham), 100 itg of 
protein were incubated for 16 h at 37 °C. Equal amounts of 
protein were used for each sample. The amount of acetyla- 
tion was then determined by counting the acetylated and 
nonacetylated forms, which were separated by ascending 
thin layer chromatography. Percentages of chloramphenicol 
acetylation were obtained over the linear range of the assay 
(30 to 50%) for each sample, and were normalized for the 
protein content of the extract. If the assay gave more than 
50% conversion of chloramphenicol, the assay was repeated 
for a shorter period of incubation or with less cell extract. 
Mock transfections show a chloramphenicol conversion 
range of < 0.5%. 

Cellular Nuclear Protein Extraction 
Cells were scraped in cold PBS and centrifuged at 14,000 x 
g at 4°C for 10 min. After the supernatant was discarded, 
the cell pellet was lysed in lysis buffer containing 10 mM 
HEPES, pH 7.9; 1 mM EDTA; 60 mM KC1; 1 mM dithio- 
threitol (DTT); 0.5% NP-40; and 1 mM PMSF. The lysate 
was chilled in ice for 5 min and then centrifuged at 1,500 x g 
to obtain cell nuclei. The nuclei were washed in lysis buffer 
without NP-40 and centrifuged again at 1,500 x g for 5 min. 
The supernatant was removed and the pellet was resuspend- 
ed in nuclear resuspension buffer containing 25 mM Tris pH 
7.8; 60 mM KC1; 1 mM DTT; and 1 mM PMSF. The nuclei 
were then frozen and thawed three times to obtain nuclear 
protein. The protein was kept in nuclear resuspension buffer 
and stored at -70°C. Protein concentrations used for elec- 
trophoretic mobility shift assay were determined by Coo- 
massie blue dye-binding assay (Bio-Rad Laboratories). 



Electrophoretic Mobility Shift Assay 
Mobility shift assays were performed as described by Bar- 
beris and colleagues (37), with minor modifications. Briefly, 
DNA-binding activity was determined after incubation of 1.0 
tig of RAW 264.7 nuclear protein extract with 10 fentamoles 
(20,000 to 50,000 cpm) of a 32 P-labeled 22-mer oligonucleo- 
tide encompassing the consensus API site (5'CTAGTGAT- 
GAGTCAGCCGGATC 30 in reaction buffer containing 10 
mM HEPES, (pH 7.9); 1 mM DTT; 1 mM EDTA; 80 mM 
KC1; 1 itg poly [dIdC][dIdC] and 4% Ficoll. After a 20 min 
incubation, the reaction mixture was electrophoresed on a 
6% polyacrylamide gel (2% bisacrylamide, 6.5% Tris borate- 
EDTA, 0.08% ammonium persulfate). The gel was transferred 
to DE81 ion-exchange chromatography paper (Whatman, 
Maidstone, England) and dried down prior to exposure to 
autoradiographic film. Self competitions were conducted 
under the same conditions, using 1-, 10-, and 100-fold (X) 
molar excess of the unlabeled AP-1 oligonucleotide probe. 
Nonspecific competitions were similarly performed using an 
unlabeled oligonucleotide probe encompassing an Spl tran- 
scription factor binding site (5'GATCGATCGGGGCGGG- 
GCGATC 30 (Stratagene). c-Fos and c-Jun antibodies used 
for mobility gel supershift assays were purchased from Santa 
Cruz Biotechnology Inc. (Santa Cruz, CA). 

Heme Oxygenase Activity 

Animals were anesthetized with sodium pentobarbital and 
exsanguinated via transection of the heart. Lungs were then 
perfused free of blood with sterile saline, excised, blotted, 
and homogenized in buffer containing 0.1 M Tris acetate, 0.1 
M KC1, and 1 mM EDTA prior to microsomal HO activity 
determination (38). One unit of HO activity was defined as 
the amount of bilirubin (nmol) produced per milligram of 
protein per hour. 

Statistical Analysis 

Data are expressed as the mean ± SEM. Differences in mea- 
sured variables between the experimental and control groups 
were assessed using Student's r-test. Statistical calculations 
were performed on a Macintosh personal computer using the 
Statview II Statistical Package (Abacus Concepts, Berkeley, 
CA). Statistical difference was accepted at P < 0.05. 



Results 

Induction of HO-1 Expression after 
Hyperoxia Exposure in vivo 

Northern blot analyses were used to examine steady-state 
levels of HO-1 mRNA in rat lungs after hyperoxia exposure. 
Lungs were removed from rats at 0, 24, 48, and 64 h of 
hyperoxia exposure and analyzed for HO-1 mRNA expres- 
sion. As shown in Figure 1 (inset), marked increase of 
steady-state HO-1 mRNA levels was observed at 48 and 64 
h of hyperoxia exposure. 18S rRNA hybridization was used 
as a normalization control. Quantitation of HO-1 mRNA ex- 
pression in the rat lungs shows a 1.9-fold induction by 24 h, 
5.8-fold induction by 48 h, and 13.0-fold induction by 64 h 
of hyperoxia when compared with normoxic control rats 
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Figure I. Kinetics of HO-1 mRNA expression in ral lungs after 
hyperoxia exposure. {Inset) Total RNA was extracted from lung tis- 
sues after hyperoxia and analyzed for HO-l mRNA expression by 
Northern blot analysis. 1: Normoxia control; 2: 24 h hyperoxia: 3: 
48 h hyperoxia; 4: 64 h hyperoxia. 18S rRNA hybridization is 
shown as a normalization control. (Graph) Quantitation of relative 
HO-1 mRNA levels in rat lungs after hyperoxia assessed by North- 
ern blot hybridization. Results represent the mean fold induction 
of HO-1 mRNA levels in rats exposed to hyperoxia compared with 
normoxic rats from three independent experiments, (n = number 
of rats.) 



(Figure 1, graph). To further examine whether the increased 
HO-1 mRNA levels were accompanied by increases in HO-1 
protein levels, Western blot analyses were performed in rat 
lungs after hyperoxia. Figure 2 (inset) shows marked in- 
creases of HO-1 protein expression in the rat lungs at 48 and 
64 h of hyperoxia. Quantitation of HO-1 protein expression 
showed a 2.0-fold increase by 24 h, 3.7-fold increase by 48 h, 
and 8.3-fold increase by 64 h of hyperoxia (Figure 2, graph). 
Increased HO-1 protein levels also correlated with increased 
HO-1 enzyme activity as shown in Figure 3. Increased HO-1 
enzyme activity was observed in the rat lungs by 24 h, fol- 
lowed by a greater increase after 48 and 64 h of hyperoxia. 

Immunohistochemical Analysis of HO-1 Expression 
in the Rat Lung after Hyperoxia Exposure 

In order to further understand the regulation of HO-1 expres- 
sion in the rat lung after hyperoxia in vivo, we attempted to 
localize the cell type(s) responsible for hyperoxia-induced 
HO-1 expression in the rat lungs. Immunohistochemical 
studies of lung tissues after hyperoxia exposure in vivo were 
performed using anti-rat HO-1 antibody. Figure 4A is a slide 
stained without primary antibody but with secondary anti- 
body alone as a control for nonspecific staining. Figure 4B 
illustrates the scant basal levels of HO-1 expression in the 
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Figure 2. Kinetics of HO-1 protein expression in rat lungs after 
hyperoxia. {Inset) Total protein was isolated from tissues after 
hyperoxia exposure and subjected (o Western blot analysis. I: Nor- 
moxia control; 2: 24 h hyperoxia; 3: 48 h hyperoxia; 4: 64 h 
hyperoxia. {Graph) Quantitation of relative HO-1 protein levels in 
rat lungs after hyperoxia assessed by Western blot analysis. Results 
represent the mean fold induction of HO-1 protein levels in rats ex- 
posed to hyperoxia compared with normoxic rats from three inde- 
pendent experiments, {n - number of rats.) 



lungs of untreated control rats. After hyperoxia exposure, 
diffuse increased staining for HO-I protein was observed in 
the alveolar walls (Figure 4C). Figure 4D represents a higher 
magnification of the inset in Figure 4C, illustrating the prom- 




hours 

Figure 3. Kinetics of HO enzyme activity in rat lungs after hy- 
peroxia exposure. HO enzyme activity in rat lungs after hyperoxia 
exposure determined by bilirubin generation. Enzyme activity rep- 
resents mean ± SEM of measurements from six rat lungs. * P < 
0.001 compared with control values. 




Figure 4. Immunohistochemical studies of rat lung after hyperoxia exposure. Formalin-fixed sections were processed for immuno- 
histochemistry using anti-rat HO-1 antibody in lung tissue after 48 h of hyperoxia exposure. (A) A normoxia control slide incubated in 
the absence of primary antibody (original magnification: x26). (B) Normoxia control rat (original magnification: x26). (C) Hyperoxia 
48 h (original magnification: x26). (D) Hyperoxia 48 h (original magnification: X100). (£) A normoxia control slide incubated in the 
absence of primary antibody (original magnification: X26). (F) Normoxia control rat (original magnification: x26). (G) Hyperoxia 48 h 
(original magnification: X26). (H) Hyperoxia 48 h (original magnification: xlOO). Single arrow = alveolar wall: double arrows = bron- 
chiolar wall; arrowheads = inflammatory cells. All sections are counterstained with hematoxylin. 
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inent HO-1 protein staining in the alveolar wall (single ar- 
row), predominantly in the alveolar epithelium of rats ex- 
posed to hyperoxia. Figure 4E through H illustrates the 
pattern of HO-1 expression in the bronchiolar wall. Figure 
4E represents a slide stained without primary antibody, with 
secondary antibody alone, used as a control for nonspecific 
staining. As was the case for alveolar epithelium, untreated 
control rats revealed very low basal levels of HO-1 expres- 
sion in the bronchiolar epithelium (Figure 4F). However, a 
marked increase of HO-1 protein expression was observed in 
the bronchiolar epithelium, with intense staining of HO-1 
protein in the inflammatory cells after hyperoxia exposure 
(Figure 4G). Figure 4H represents a higher magnification of 
the inset shown in Figure 4G, showing the marked HO-1 
staining in inflammatory cells (arrowheads) and bronchiolar 
epithelium (double arrows). 

Increased HO-1 Expression in Systemic 
Organs after Hyperoxia Exposure 

In order to determine whether induction of HO-1 after 
hyperoxia exposure is observed in other systemic organs, 
Northern blot analyses were performed on various organs in- 
cluding the liver, heart, spleen, kidney, aorta and adrenal 
gland after hyperoxia. Interestingly, these systemic rat tis- 
sues (except the aorta) all exhibited increased HO-1 mRNA 
expression after hyperoxia (Figure 5). Quantitative analyses 
showed highest levels of HO-1 mRNA in the kidney (49.7- 
fold induction), followed by the liver (21.3-fold induction), 
lung (7.2-fold induction), spleen (2.6-fold induction), adrenal 
glands (2.0-fold induction), and heart (1.3-fold induction). 

HO-1 mRNA Induction Is Observed in Lung Cells 
in vitro after Hyperoxia Exposure 

We next extended our studies to examine the regulation of 
HO-1 expression in vitro after hyperoxia exposure. We first 
tested several cell types, including RAW 264.7 macro- 
phages, NR 8383 macrophages, MHS macrophages, WI-38 
and MRC-5 lung fibroblasts, A549 pulmonary epithelial 
cells, and rat aortic smooth muscle cells for HO-1 mRNA ex- 
pression after hyperoxia exposure in vitro. All cell types ex- 
hibited increased HO-1 mRNA expression after 24 to 48 h 
of hyperoxic exposure. Table 1 summarizes the relative level 
of HO-1 mRNA expression observed in these various cell 
types after 48 h of hyperoxia. Figure 6A shows representa- 
tive Northern blot analyses of three different macrophage 
cell lines (RAW 264.7, NR 8383, and MHS) for HO-1 mRNA 
expression after hyperoxia exposure. The highest level of 



TABLE 1 

Induction of HO-1 mRNA accumulation in various 
cultured cells by hyperoxia 

Cell type Relative HO- 1 mRNA levels 

MRC-5 lung fibroblasts t 

WI-38 lung fibroblasts * 

A549 lung epithelial cells * 

RAW 264.7 macrophages t 

NR 8383 macrophages t 

MHS macrophages * 

Rat aortic smooth muscle cells * 



Total RNA was harvested 48 h after hyperoxia and analyzed for HO-1 mRNA 
expression by Northern blot analyses. Data are expressed as relative HO-1 mRNA 
levels compared to control untreated samples and are mean values from 3-4 
independent experiments. 

* = 2- to 5-fold induction. 

t = 6- to 10-fold induction. 

+ - > 10- fold induction. 



HO-1 induction was observed in RAW 264.7 macrophages 
(13.0-fold), followed by mouse alveolar MHS macrophages 
(4.7-fold) and rat alveolar NR 8383 macrophages (3.5-fold). 

Kinetics and Dose-response of HO-1 mRNA Expression 
in RAW 264.7 Cells after Hyperoxia 
Figure 6B illustrates the kinetics of HO-1 mRNA induction 
in RAW 264.7 cells during continuous hyperoxia exposure, 
with peak induction at 24 h of hyperoxia exposure. HO-1 
mRNA induction was dose dependent, since increasing lev- 
els of HO-1 mRNA were observed with increasing 0 : ten- 
sions. Compared with normoxic controls, cells exposed to 
50% 0 2 and 75% 0 2 exhibited an approximately 5-fold in- 
crease of HO-1 mRNA levels (Figure 6C). Cells exposed to 
95% 0 2 showed a 10-fold induction of HO-1 mRNA com- 
pared with normoxic controls. 

HO-1 mRNA Expression Correlates with Increased HO-1 
Protein in RAW 264.7 Cells after Hyperoxia 
To further examine whether increased HO-1 mRNA levels in 
RAW 264.7 cells were accompanied by increases in HO-1 
protein levels, Western blot analyses were performed in cel- 
lular lysates from cells exposed to hyperoxic conditions. As 
with rat lungs exposed to hyperoxia in vivo, increased HO-1 
protein was also observed in RAW 264.7 cells after hy- 
peroxia in vitro, exhibiting increased protein levels at 8 and 
24 h (Figure 7). LPS-treated cells were used as a positive 



Figure 5. Northern blot analysis of HO-1 mRNA 
expression in various organs of rats after hyperoxia 
exposure. Total RNA was extracted from various 
organs after 48 h of hyperoxia and analyzed for 
HO-1 mRNA expression by Northern blot analy- 
sis. 1: Liver; 2: spleen; 3: kidney; 4: adrenal 
gland; 5: lung; 6: heart; 7: aorta. 18S rRNA hy- 
bridization is shown as a normalization control. 
Data shown are representative blot of two indepen- 
dent experiments. 
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6 Northern blot analysis of HO-1 mRNA expression in macrophages after hyperoxia exposure. (A) Total RNA was extracted from 
the indicated macrophage cell line after 24 h of hyperoxia and analyzed for HO-1 mRNA expression by Northern blot analysis. I: Untreated 
control- 2- hyperoxia 24 h. 18S rRNA hybridization is shown as a normalization control. Data shown are representative blot of three inde- 
pendent experiments. (B) Kinetics of HO-1 mRNA expression in RAW 264.7 cells after hyperoxia exposure. Total RNA was ; isolated from 
cells at the indicated times after hyperoxia and analyzed for HO-1 mRNA expression by Northern blot hybridization. 18S rRN A hybridiza- 
tion was used as a normalization control. The results represent mean fold induction of HO-l mRNA levels in hyperoxic cells compared 
with normoxic cells from five independent experiments. (C) Dose-response of HO-1 mRNA expression in R AW 264.7 cells after hyperoxia 
exposure Total RNA was extracted from cells after 24 h of hyperoxia at the indicated 0 : tension and analyzed for HO-1 mRNA expres- 
sion by Northern blot analysis. 18S rRNA hybridization was used as a normalization control. The results represent mean iold induction 
of HO-1 mRNA levels in hyperoxic cells compared with normoxic cells from three independent experiments. 



control for HO-1 immunoblotting, since we have previously 
observed increased HO-1 protein induction by endotoxin (22). 

Transcriptional and Posttranscriptional Regulation of 
HO-1 mRNA Expression after Hyperoxia 
To further investigate the molecular basis of increased HO-1 
gene expression, we examined whether HO-1 mRNA induc- 
tion after hyperoxia is dependent on gene transcription. Ta- 
ble 2 summarizes experiments examining the effects of ac- 
tinomycin D on hyperoxia-induced HO-1 gene expression. 
Pretreatment of cells for 1 h with actinomycin D, a potent 
inhibitor of RNA transcription, prior to hyperoxia exposure 
completely inhibited hyperoxia-mediated HO-1 mRNA in- 
duction (Table 2) . To further confirm that the increased HO-1 
gene expression after hyperoxic exposure is transcriptionally 
regulated, RAW 264.7 cells were first stably transfected with 
a plasmid containing the HO-1 gene linked to the CAT gene 
(pMHOHCAT), and CAT assays were performed after hy- 

1 2 3 4 5 




32 kD 



Figure 7. Kinetics of HO-1 protein expression in RAW 264.7 cells 
after hyperoxia. Total protein was isolated from cells after hy- 
peroxia exposure or endotoxin (1 /ig/ml) and subjected to Western 
blot analysis. I: Normoxia control; 2: 8 h endotoxin; 3: 24 h endo- 
toxin; 4: 8 h hyperoxia; 5: 24 h hyperoxia. Data shown is a repre- 
sentative blot of three independent experiments. 



peroxia exposure. Time-course experiments showed initial 
rise of CAT activity at 8 h of hyperoxia, with peak CAT 
activity after 24 and 48 h of hyperoxia. Figure 8 shows the 
mean fold induction of CAT activity in stably transfected 
pMHOHCAT cells after 24 h of hyperoxia compared with 
control, untreated pMHOl 1CAT cells. We then stably trans- 
fected RAW 264.7 cells with the HO-1 extended promoter 
linked to a CAT reporter gene (pMHOlCAT), and CAT as- 
says were performed after hyperoxia exposure. We also stably 
transfected RAW 264.7 cells with pMH03CAT, a 5' flanking 
region of the HO-1 gene up to but not containing the SX2 
enhancer fragment, linked to the CAT reporter gene, and 
CAT assays were performed after hyperoxia. We did not 
observe any increase of CAT activity in either pMHOlCAT- or 
pMH03CAT-transfected cells after hyperoxia (Figure 8). In 



TABLE 2 

Effect of actinomycin D and cycloheximide on 
hyperoxia-induced HO-1 mRNA expression 

Treatment Relative mRNA level 

Control 10 

Actinomycin D < 1 .0 

Cycloheximide °-3 

95% oxygen 13 7 

95% oxygen + actinomycin D < 1.0 

95% oxygen + cycloheximide 1 13 

Cells were pretreated with actinomycin D (0. 1 /xg/ml) or cycloheximide ( 1 .0 
/tg/ml) for I h before hyperoxia exposure. Actinomycin D and cycloheximide 
were left in cultures during hyperoxia exposure. RNA was harvested 24 h after 
hyperoxia and analyzed for HO-1 mRNA expression by Northern blot analysis. 
Data are expressed as relative HO-1 mRNA levels compared with untreated con- 
trol samples, and are mean values from three independent experiments. 
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Figure 8. Deletion analysis of the HO-I gene in RAW 264.7 cells 
after hyperoxia. Stably transfected RAW 264.7 cells of indicated 
CAT constructs were exposed to hyperoxia for 24 h and then ana- 
lyzed for CAT activity. Data represent the mean fold induction of 
CAT activity in cells exposed to hyperoxia compared with cells in 
normoxia from three or four independent experiments. A partial re- 
striction map and structural organization of the mouse HO-1 gene 
is shown with exons marked by open bows (untranslated regions) 
and solid boxes (protein coding regions). Position +1 denotes the 
transcription initiation site. The location of the enhancer fragments 
SX2 and promoter are indicated by solid block bar. B. Bom HI; E, 
EcoRI; H, Hindll I; X, Xhol. 



view of these observations that pMHOlCAT and pMH03CAT 
were not sufficient for HO-1 gene transcription, whereas 
pMHOl 1CAT was effective in inducing transcriptional activ- 
ity of HO-1 after hyperoxia, we then hypothesized that one 
mechanism of pMHOI 1CAT activation by hyperoxia may be 
mediated by a 5' distal enhancer fragment (SX2) located 4 kb 
from the transcription site of the HO-1 gene. We have re- 
cently observed that the SX2 distal enhancer fragment of the 
HO-1 gene alone can mediate endotoxin-induced HO-1 gene 
transcription (22). Thus, RAW 264.7 cells were stably trans- 
fected with a plasmid containing the SX2 enhancer fragment 
linked to the minimal promoter and the CAT reporter gene 
(pMHOlCAT A -33 +SX2), and CAT assays were performed 
after hyperoxia exposure. Surprisingly, we did not observe 
any increase in CAT activity in these cells after hyperoxia. 
However, when we stably transfected SX2 distal enhancer 
fragment of the HO-1 gene and the HO-1 extended promoter 
linked to the CAT gene (pMH01CAT+SX2) (Figure 8) into 
RAW 264.7 cells and analyzed for CAT activity after hy- 
peroxia, we observed increased CAT activity of these stably 
transfected pMH01CAT+SX2 cells at 8 h of hyperoxia with 
peak activity at 24 and 48 h of hyperoxia. Figure 8 shows 
the mean fold induction of CAT activity of pMH01CAT+ 
SX2 cells after 24 h of hyperoxia compared with untreated 
pMHOiCAT+SX2 cells. 

We also examined whether posttranscriptional regulation 
plays an important role in increased HO-1 gene expression 
after hyperoxia. Pretreatment of RAW 264.7 cells with the 
protein synthesis inhibitor cycloheximide had negligible 
effect on hyperoxia-induced HO-1 gene expression, suggest- 



ing that de novo protein synthesis is not required for in- 
creased HO-1 gene expression after hyperoxia (Table 2). 
Interestingly, cycloheximide alone resulted in a modest in- 
duction of HO-1 mRNA. For cycloheximide experiments, 
cells were treated with polymyxin B (10 ^g/ml) to control for 
possible endotoxin contamination. 

Effect of Hyperoxia on HO-1 mRNA Stability 

Since hyperoxia could also increase steady-state HO-1 
mRNA levels by enhancing the stability of HO-1 mRNA 
transcripts in addition to transcriptional activation, we deter- 
mined whether hyperoxia affected the mRNA turnover of 
HO-1 mRNA. Alterations in mRNA turnover were assessed 
by pretreating cells with hyperoxia followed by the addition 
of the RNA synthesis inhibitor actinomycin D in the pres- 
ence or absence of hyperoxia exposure. Total RNA was iso- 
lated at the indicated times for Northern blot analyses, and 
the data shown in Figure 9 are represented as percent mRNA 
remaining, relative to that present at time 0. Figure 9 shows 
that hyperoxia exerted negligible effect on HO-1 mRNA sta- 
bility. 

Transcription Factor AP-1 Is Activated in vitro 
after Hyperoxia Exposure 

Since the HO-1 gene promoter and the SX2 5' distal enhancer 
fragment contain putative AP-1 binding sites, we reasoned 
that AP-1 motifs may be functionally active and may mediate 
HO-1 gene induction in cells after hyperoxia exposure. Elec- 
trophoretic mobility shift assays using a synthetic, double- 
stranded DNA probe specific for the consensus AP-1 binding 
site demonstrated increased AP-1 binding activity in RAW 
264.7 celts after 1,4, and 24 h of hyperoxia, with peak bind- 
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Figure 9. Effect of hyperoxia on mRNA stability of HO-1 in RAW 
264.7 cells after hyperoxia. Cells were exposed to hyperoxia for 
24 h, after which point actinomycin D (0.1 ng/m\) was added to the 
cells (time 0). Total RNA was then extracted at the indicated times 
and analyzed for HO-1 expression by Northern blot analysis. (A) 
Hyperoxia + actinomycin D; (•) normoxia + actinomycin D. Each 
data point represents the average value from five independent ex- 
periments. 
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ing activity after 4 h (Figure 10A) of hyperoxia exposure 
compared with normoxic control ceils. The specificity of 
AP-1 binding activity was demonstrated by the ability of an 
unlabeled AP-1 oligonucleotide to compete with the radiola- 
beled AP-1 sequence for binding of nuclear factors (Figure 
10A), whereas an unlabeled Spl oligonucleotide containing 
an unrelated consensus sequence did not compete with the 
radiolabeled AP-1 probe (Figure 10B). To delineate the 
specific AP-1 proteins responsible for DNA binding activity 
in cell lysates following hyperoxia, gel mobility supershift 
assays were performed using antibodies for either c-Fos or 
c-Jun. As shown in Figure 10B, incubation of the DNA- 
protein complex with antibodies to both c-Fos and c-Jun 
resulted in new supershifted retarded bands (arrows). Addi- 
tion of a nonspecific antibody had no effect on the AP-1 com- 
plex, with absence of supershifted band. The lack of a com- 
pletely supershifted band with Fos/Jun antibodies may reflect 
the inability of the antipeptide antibodies to recognize com- 
plexed proteins as observed in other cell systems (39-41). 

Discussion 

Hyperoxia has been widely used to study the pathogenesis 
of oxidant lung injury. Damaging effects of hyperoxia are 
mediated by ROS including superoxide and hydroxy! radi- 
cals, and hydrogen peroxide. The cellular and molecular re- 
sponses of the lung to the deleterious effects of these ROS 
in hyperoxic injury involve alterations in gene expression of 
AOE and stress-response gene products (9, 13). In this study 



we show that expression of HO-1, a 32-kD stress-inducible 
gene, is also highly stimulated in the lung in vivo in response 
to hyperoxia. Interestingly, the regulation of HO-1 expres- 
sion in vivo is quite different from those observed for other 
AOE. We show that the increased HO-1 mRNA levels after 
hyperoxia correlated with similar increases in HO-1 protein 
and enzyme activity. In contrast, studies by Clerch and Mas- 
saro have shown increased mRNA levels of MnSOD by 
hyperoxia, whereas mRNAs for CuZnSOD, catalase, and 
glutathione peroxidase do not change. Additionally, the en- 
zyme activity levels of these AOE are variable, since hy- 
peroxia increases catalase and glutathione peroxidase activi- 
ties and decreases MnSOD enzyme activity, but does not 
alter CuZnSOD enzyme activity (9). 

Interestingly, hyperoxia also increased HO-1 mRNA lev- 
els in the various systemic rat organs. This may reflect the 
systemic effects of inflammatory cytokines such as inter- 
leukin-6 (IL-6), IL-1, and tumor necrosis factor-a (TNF-a), 
which all are potent inducers of HO-1 expression in vivo 
(42, 43) and have been shown to be induced by hyperoxia 
in vivo (44). It is also plausible that the increased HO-1 
expression in the various tissues resulted from direct effects 
of hyperoxia, since we have previously shown that high 0 2 
tensions (> 500 mm Hg) can be achieved in arterial blood 
in the rat with up to 56 h of hyperoxia exposure, and that 
0 2 tensions correlated with expression of AOE genes (13). 

Localization of HO-1 expression by immunohistochemi- 
cal studies of the rat lung after hyperoxia was similar to the 
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Figure 10. Elect rophoretic mobility gel shift of cellular protein extracts for AP-1 binding activity after hyperoxia exposure. (A) Nuclear 
protein extracts were obtained from RAW 264.7 cells after hyperoxia and analyzed for AP I binding activity usmg a 22-mer double stranded 
oligonucleotide probe containing an AP-1 site. I: Free probe; 2: normoxia control; 3: 4 h hyperoxia; 4: normoxta control; 5: 4 h hyperoxia; 
6- 4 h hyperoxia and cold 1 x AP-1; 7: 4 h hyperoxia and cold 10 X AP-1. FP, free probe. Arrow = AP-1 complex. Data shown are 
representative gel of five independent experiments. (B) Gel mobility supershift of AP-1 complex in RAW 264.7 cells after hyperoxia. Equal 
molar concentrations of c-Fbs or c-Jun antibody were added to nuclear protein extracts after incubation with labelled AP-1 probe. 1: 4-h 
hyperoxia- 2- 4-h hyperoxia with antibody to c-Fos; 3: 4-h hyperoxia with antibody to c-Jun; 4: normoxia control; 5: 4-h hyperoxia; 6: 
4-h hyperoxia with antibody to c-Fos; 7: 4-h hyperoxia with non-specific IgG antibody; 8: 4-h hyperoxia and I x cold Spl; 9: 4-h hyperoxia 
and 10 x Spl: 10: 4-h hyperoxia and 100 x Spl. FP, free probe; Arrowhead = AP-1 complex; Arrow = supershifted band. Data shown 
are representative gel of three independent experiments. 
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pattern observed in endotoxin-induced HO-1 expression 
(22). The bronchoalveolar epithelium and inflammatory 
cells were responsible for much of the increased HO-1 stain- 
ing in the rat lung after hyperoxia. We also observed in- 
creased HO-1 mRNA expression in a variety of cultured 
cells, both cell lines and primary culture cells, after hy- 
peroxia exposure in vitro. This induction of HO-1 mRNA in 
cultured cells, in the absence of an in vivo milieu and inflam- 
matory response, suggests that leukocyte-derived ROS are 
not an absolute requirement for increased HO-1 gene ex- 
pression, and that hyperoxia directly or indirectly can trans- 
duce intracellular signals to induce HO-l gene expression. 
Pretreatment of cells with cycloheximide failed to block 
HO-1 gene expression after hyperoxia, suggesting that new 
protein synthesis is not required for HO-1 induction. Cyclo- 
heximide has also been shown not to block IL-6- and endo- 
toxin-induced expression of HO-1 in human hep3B cells and 
RAW 264.7 macrophages, respectively (22, 45). Cyclohexi- 
mide also failed to block endotoxin-induced expression of 
MnSOD (46). 

Much interest has been generated by investigators to un- 
derstand the molecular regulation of HO-1 expression, not 
only because induction of the HO-1 gene by heme and non- 
heme inducers is controlled almost entirely at the level of 
gene transcription (21, 22, 26, 34-36), but also because it 
is clear from recent evidence that HO-1 induction plays a 
critical role in providing protection against oxidant insult in 
vivo and in vitro. Very little if any information exists regard- 
ing the molecular regulation of HO-1 expression after 
hypcroxic oxidant stress. Thus, to further delineate the mo- 
lecular regulation of HO-1 gene induction after hyperoxia, 
we chose to use macrophage cells for the remainder of our 
studies, for the following reasons. First, the level of HO-1 
mRNA expression was most abundant in the inflammatory 
cells in vivo after hyperoxic exposure, based on our immuno- 
histochemical studies (Figure 4). Second, the kinetics and 
level of HO-1 mRNA induction after hyperoxia exposure (Ta- 
ble 1; and Figure 6B) were most dramatic in the macro- 
phages. Third, very little is known regarding the effects of 
hyperoxia on macrophage gene expression. Similar to our 
observations in vivo, increased HO-1 mRNA levels were ac- 
companied with similar increases in HO-1 protein in RAW 
264.7 macrophages. In contrast, the regulation of other AOE 
expression in vitro is quite different, since hyperoxia induces 
increased mRNA expression for AOE such as MnSOD, 
CuZnSOD, glutathione peroxidase, and catalase, but de- 
creases catalase activity, increases CuZnSOD and gluta- 
thione peroxidase activities, and does not alter MnSOD ac- 
tivity in endothelial cells (47). 

We then proceeded to show that HO-1 induction by 
hyperoxia is dependent on gene transcription. This tran- 
scription-dependent expression of the HO-1 gene has also 
been observed following other stimuli, including hydrogen 
peroxide, ultraviolet irradiation, heme, cadmium, endotoxin 
and sodium arsenite (22, 26, 34-36). Surprisingly, the dis- 
tal enhancer (SX2) alone, with the minimal promoter 
(pMHOICATA-33+SX2), was not sufficient to induce HO-1 
gene transcription after hyperoxia (Figure 8), whereas our 
previous observations have shown that these pMHOICATA- 
33+SX2 cells were greatly induced by stimuli such as endo- 



toxin and cadmium (22, 35), suggesting a different upstream 
pathway of HO-1 activation between these stimuli. It is in- 
triguing, however, that when the distal enhancer (SX2) is 
linked to the extended promoter (PMHOICAT+SX2), in- 
duction of HO-1 gene transcription was observed, whereas 
the extended promoter alone (pMHOlCAT) had no effect on 
HO-1 gene transcription after hyperoxia. The majority, if not 
all, of increased HO-1 gene transcription after hyperoxia was 
mediated by both the extended HO-1 promoter and the 5' dis- 
tal enhancer (SX2). in that the relative fold induction of CAT 
activity of PMHOl 1CAT cells were quite similar to those ob- 
served in the PMH01CAT+SX2 cells after hyperoxia (Fig- 
ure 8). Taken together, these observations strongly implicate 
an important cooperation between transcription factors bound 
to elements within the extended promoter and the 5' distal 
enhancer (SX2) for HO-1 gene transcription after hyperoxia. 
Increasing evidence has appeared in the literature showing 
cooperation between various DNA binding proteins such as 
the AP-1 complex and C/EBP proteins, and the AP-1 com- 
plex and nuclear factor-*B (48, 49). 

Although it is beyond the scope of this study to clearly 
identify the cognate DNA-binding proteins in the promoter 
and enhancer elements that cooperate to activate HO-1 gene 
transcription after hyperoxia, it is quite plausible that AP-1 
transcription factors represent suitable candidates to partici- 
pate in this cooperation, for the following reasons. First, we 
have evidence of AP-1 activation in these cells after hyper- 
oxia by gel shift assays and supershift of the AP-1 complex 
with c-Fos and c-Jun. Second, there are two consensus AP-1 
binding sites in the 5' distal enhancer fragment (SX2) (34, 
35) and putative AP-1 binding elements in the promoter. 
Third, we have already shown previously by deletional and 
mutational analyses that AP-1 elements within the SX2 en- 
hancer mediate HO-1 gene transcription after inducers such 
as endotoxin, phorbol esters, and cadmium (22, 34). Fourth, 
many studies have demonstrated transcriptional activators, 
including AP-1, to play important roles in mediating the 
early events in molecular responses to oxidative stress (50, 
51), and AP-1 binding sites have been identified in AOE 
genes such as MnSOD (52). It is interesting to note that the 
antioxidant-response element (ARE) consensus sequence 
(TGACNNNGC) bears homology with the AP-1 core se- 
quence (TGA C/G T C/A A). The ARE has been shown 
to mediate the induction of genes such as the rat NAD 
(P)H:quinone reductase and glutathione S-transferase Ya 
subunit genes by xenobiotics and electrophiles (53, 54). Al- 
though we cannot absolutely rule out the possibility that the 
ARE may also play a role in our studies, we feel that AP-1 
is still a more likely candidate based on the reasons discussed 
above. In addition, not surprisingly, the electrophiles are the 
only inducers we have observed to involve the ARE in the 
activation of the HO-1 gene (54). 

In conclusion, our study shows marked in vivo and in vitro 
HO-1 induction after hyperoxia. HO-1 gene activation is 
transcriptionally regulated after hyperoxia and very interest- 
ingly is dependent on cooperativity between the extended 
promoter and the 5' distal enhancer fragment SX2 of the 
HO-1 gene. Current and future studies are directed in ident- 
ifying the precise DNA binding elements of the promoter 
and the distal enhancer that are involved in the transcrip- 
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tional regulation of HO-1 gene by hyperoxia. Additionally, 
we are examining the functional significance of HO-1 induc- 
tion in hyperoxic lung injury by using transgene approach to 
assess whether increased production of HO-1 in vivo selec- 
tively in the lung provides protection against hyperoxia. 

Acknowledgments: The work by Patty Lee was supported by a Multidisciplinary 
Training Grant, from the National Heart, Blood and Lung Institute, and work 
by Augustine M. K. Choi was supported in part by Physician Scientist Award 
No. K11AG00516 of the National Institutes of Health/National Institute on 
Aging and a Research Grant from American Lung Association. J. Alam was 
supported by Grant No. DK43135 from the National Institutes of Health. We 
thank Cara Zbylut for assisting in preparation of the manuscript. 



References 

I. Halliwell. B.. and M. C. Gutteridge. 1985. Free Radicals in Biology and 

Medicine. Clarendon Press. Oxford, England. 
2 Fridovich, I. 1978. The biology of oxygen radicals. Science 201:875-880. 

3. Kimball, R. E., K. Reddy, and T. H. Pierce. 1976. Oxygen toxicity: aug- 

mentation of anii-oxidant defense mechanisms in rat lung. Am. J. Physiol. 
230:1425-1431. 

4. Freeman. B.. and J. D. Crapo. 1981. Hyperoxia increases oxygen radical 

production in rat lungs and lung mitochondria. J. Biol. Chem. 256: 
10986-10092. 

5. Clark. J. M., and C. J. Lambertson. 1971. Pulmonary oxygen toxicity: a 

review. Pharmacol. Rev. 23:37-133. 
6 Brigham. K. L., and B. Meyrick. 1986. Endotoxin and lung injury. Am. 
Rev. Respir. Dis. 133:913-927. 

7. Crapo, J. D . B. E. Barry, H. A. Foscue. and J. Shelburne. 1980. Struc- 

tural and biochemical changes in rat lungs occurring during exposure to 
lethal and adaptive doses of oxygen. Am. Rev. Respir. Dis. 122:123-143. 

8. Sibille, Y.. and H. Y. Reynolds. 1990. Macrophages and polymorpho- 

nuclear neutrophils in lung defense and injury. Am. Rev. Respir. Dis. 141: 
471-501. 

9 Clerch. L. B.. and D. J. Massaro. 1993. Tolerance of rats to hyperoxia. 

J. Clin. Invest. 91:499-508. 
10. White. C.W..K. B. Abraham, P. F. Shanley. and Y. Groner. 1991. Trans- 
genic mice with expression of elevated levels of copper-zinc-superoxide 
dismutase in the lungs are resistant to pulmonary oxygen toxicity. J. Clm. 
Invest. 87:2162-2168. 

II. Wispe. J. R., B. B. Warner. J. C. Clark. C. R. Dey. J. Neuman, S. W. 

Glasser. J. D. Crapo, L.-Y. Chang, and J. Whitsett. 1992. Human Mn- 
superoxide dismutase in pulmonary epithelial cells of transgenic mice 
confers protection from oxygen injury./. Biol. Chem. 267:23937-23941. 

12. Carlson. L.M., J. Jonsson. T. Edlund, and S. L. Marklund. 1995. Mice 

lacking extracellular superoxide dismutase are more sensitive to hyper- 
oxia. Proc. Nail. Acad. Sci. USA 92:6264-6268. 

13. Choi. A. M. K.. S. L. Sylvester. L. Otterbein, and N. J. Holbrook. 1995. 

Molecular responses to hyperoxia in vivo: relationship to increased toler- 
ance in aged rats. Am. J. Respir. Cell Mol. Biol. 13:74-82. 
14 Tenhunen. R.. H. S. Marver, and R. Schmid. 1969. Microsomal heme ox- 
ygenase. J. Biol. Chem. 244:6388-6394. 

15. Tenhunen. R.. H. S. Marver. and R. Schmid. 1970. The enzymatic 

catabolism of hemoglobin: stimulation of microsomal heme oxygenase by 
hemin. J. Lab. Clin. Med. 75:410-421. 

16. Bakken. A. F.. M. M. Thaler, and R. Schmid. 1972. Metabolic regulation 

of heme catabolism and bilirubin production. J. Clin. Invest. 5 1 :530-536. 

17. Tenhunen. R.. H. S. Marver. and R. Schmid. 1968. The enzymatic conver- 

sion of heme to bilirubin by microsomal heme oxygenase. Proc. Natl. 
Acad. Sci. USA 61:748-755. 

18. Maines. M. D. 1988. Heme oxygenase: function, multiplicity, regulatory 

mechanisms, and clinical applications. FASEB J. 2:2557-2568. 

19. Abraham. N. G., J. H. C. Lin, M. L. Schwartzman, R. D. Levere, and 

S. Shibahara. 1988. The physiological significance of heme oxygenase. 
Int. J. Biochem. 20:543-558. 

20. Lautier. D.. P. Luscher. and R. M. Tyrell. 1992. Endogenous glutathione 

levels modulate both constitutive and UVA radiation/hydrogen peroxide 
inducible expression of the human heme oxygenase gene. Carcinogene- 
sis. 13:227-232. 

21. Shibahara. S.. R. M. Muller, and H. Taguchi. 1987. Transcriptional con- 

trol of rat heme oxygenase by heat shock. J. Biol. Chem. 262:12889- 
12892. 

22. Camhi. S.. J. Alam. L. Otterbein. S. L. Sylvester, and A. M. K. Choi. 

1995. Induction of heme oxygenase-1 gene expression by lipopolysaccha- 
ride is mediated by AP I activation. Am. J. Respir. Cell Mol. Biol. 13: 
387-398. 



23. Keyse. S. M., and R. M. Tyrrell. 1989. Heme oxygenase is the major 32- 

kDa stress protein induced in human skin fibroblasts by UVA-radiation, 
hydrogen peroxide and sodium arsenite. Proc. Natl. Acad. Sci. USA 85: 
99-103. 

24. Keyse, S. M., and R. M. Tyrrell. 1987. Both near ultraviolet radiation and 

the oxidizing agent hydrogen peroxide induce a 32-kDa stress protein in 
normal human skin fibroblasts. J. Biol. Chem. 262:14821-14825. 

25. Applegate. L. A.. P. Luscher. and R. M. Tyrell. 1991. Induction of heme 

oxygenase: A general response to oxidant stress in cultured mammalian 
cells. Cancer Res. 51:974-978. 

26. Keyse, S. M., L. A. Applegate, Y. Tromvoukis. and R. M. Tyrrell. 1990. 

Oxidant stress leads to transcriptional activation of the human heme oxy- 
genase gene in cultured skin fibroblasts. Mol. Cell. Biol. 10:4967-4969. 

27. Vile. G. F., S. Basu-Modak, C. Waltner, and R. M. Tyrrell. 1994. Heme 

oxygenase I mediates an adaptive response to oxidative stress in human 
skin fibroblasts. Proc. Natl. Acad. Sci. USA 91:2607-2610. 

28. Vile, G. F., and R. M. Tyrrell. 1994. Oxidative stress resulting from 

ultraviolet A irradiation of human skin fibroblasts leads to a heme 
oxygenase-dependent increase in ferritin. J. Biol. Chem. 268:14678- 

14681 • , „ r> 

29. Abraham, N. G.. Y. Lavrovsky. M. L. Schwartzman, R. A. Stoltz, R. D. 

Levere, M. E. Gerritsen, S. Shibahara. and A. Kappas. 1995. Transfec- 
tion of the human heme oxygenase gene into rabbit coronary microvessel 
endothelial cells: protective effect against heme and hemoglobin toxicity. 
Proc. Natl. Acad. Sci. USA 92:6798-6802. 

30. Nath, D. A., G. Balla, G. M. Vercelotti. J. Balla. H. S. Jacob. M. D. Lev- 

itt, and M. E. Rosenberg. 1992. Induction of heme oxygenase is a rapid, 
protective response in rhabdomyolysis in the rat. J. Clin. Invest. 90: 
267-270. 

31. Otterbein, L . S. L. Sylvester, and A. M. K. Choi. 1995. Hemoglobin pro- 

vides protection against lethal endotoxemia in rats: the role of heme 
oxygenase-1. Am. J. Respir. Cell Mol. Biol. 13:595-601. 

32. Shibahara, S., R. Muller. H. Taguchi. and T. Yoshida. 1985. Cloning and 

expression of cDNA for rat heme oxygenase-1. Proc Nail. Acad. Set. 
USA 82:2865-2869. 

33. Sternberger. L. A. 1985. Immunocytochemistry. 3rd Ed. Wiley. New 

York. 

34. Alam. J., and D. Zhining. 1992. Distal AP I binding sites mediate basal 

level enhancement and TPA induction of the mouse home oxygenase-1 
gene. J. Biol. Chem. 267:21894-21900. 

35. Alam, J. 1994. Multiple elements within the 5' distal enhancer of the mouse 

heme oxygenase- 1 gene mediate induction by heavy metals. / Biol. 
Chem. 269:25049-25056. 

36. Alam, J., J. Cai. and A. Smith. 1994. Isolation and characterization of the 

mouse heme oxygena.se-1 gene. J. Biol. Chem. 269: 1001- 1009. 

37. Barberis, A.. G. Superti-Furga. and M. Busslinger. 1987. Mutually exclu- 

sive interactions of the CAAT-binding factor and of a displacement pro- 
tein with overlapping sequences of a histone gene promoter. Cell 50: 
347-359. 

38. Tenhunen, R., H. S. Marver, and R. Schmid. 1968. The enzymatic conver- 

sion of heme to bilirubin by microsomal heme oxygenase. Proc. Natl. 
Acad. Sci. USA 61:748-755. 

39. Kravchenko. V. V., Z. Pan. J. Han. J.-M. Herbert. R. J. Ulevilch. and 

R. D. Ye. 1995. Platelet-activating factor induces NF-kB activation 
through a G protein-coupled pathway. J. Biol. Chem. 270:14928-14934. 

40. Fujita, T. G. P. Nolan. S. Ghosh, and D. Baltimore. 1992. Independent 

modes of transcriptional activation by the p50 and p65 suhimils of NF-«B. 
Genes Dev. 6:775-787. 

41. Tan. T.H.. G. P. Huang. A. Sica, P. Ghosh, H. A. Young. 11 L. Longo, 

and N. R. Rice. 1992. kB site dependent activation of I lie imerleukin-2 
receptor «-chain gene promoter by human c-Rel. Mol. Cell. Biol. 12: 
4067-4075. 

42. Cantoni, L.. C. Rossi. M. Rizzardini. G. Massimo, and P. C.hezzi. 1991. 

Interleukin-l and tumour necrosis factor induce hepatic haem oxygenase. 
Biochem. J. 279:891-894. 

43. Rizzardini. M.. M. Terao. F. Falciani. and L. Cantoni. 1993. Cytokine 

induction of haem oxygenase mRNA in mouse liver. Biochem. J. 290: 
343-347. 

44 Jensen, J. C, H. W. Pogrebniak. H. I. Pass. C. Buresh, M. J. Merino, 
D. Kauffman. D.Venzon. H. N. Langstein, and J. A. Norton. 1992. Role 
of tumor necrosis factor in oxygen toxicity. J. Appt. Physiol. 72:1902- 
1907. 

45. Mitani, K.. H. Fujita. A. Kappas, and S. Sassa. 1992. Heme oxygenase 

is a positive acute-phase reactant in human Hep3B cells. Blood 79: 1255- 
1259. 

46. Visner, G. A., W. C. Dougall, J. M. Wilson. I. A. Burr, and H. S. Nick. 

1990. Regulation of manganese superoxide dismutase by lipopolysac- 
charide, interleukin-l, and tumor necrosis factor. J. Bitd. Chem. 265: 
2856-28864. 

47. Jornot, L., and A. F. Junod. 1992. Response of human endothelial cell anti- 



568 



AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL. 14 1996 



oxidant enzymes lo hyperoxia. Am. J. Respir. Cell Mol. Biol. 6:107-1 15. 

48. Klampfer. L.. T. H. Lee, W. Hsu. J. Vilcek. and S. Chen-Kiang. 1994. 

NF-IL6 and AP-I cooperatively modulate the activation of the TSG-6 
gene by tumor necrosis factor alpha and interleukin-l. Mol. Cell. Biol. 
14:6561-6569. 

49. Stein. B.. A. S. Baldwin, Jr.. D. W. Ballard, W. C. Greene. P. Angel. 

and P. Herrlich. 1993. Cross-coupling of the NF-«B p65 and Fos/Jun 
transcription factors produces potentiated biological function. EMBO J. 
12:3879-3891. 

50. Amstad, P. A.. G. Krupitza, and P. A. Cerutti. 1992. Mechanism of c-fos 

induction by active oxygen. Cancer Res. 52:3952-3960. 

51. Devary. Y.. R. A. Gottlieb. L. F. Lau. and M. Karin. 1991. Rapid and 

preferential activation of the c-jun gene during (he mammalian UV re- 



sponse. Mol. Cell Biol. 1 1 :2804-28 1 1 . 

52. Ho. Y. S.. A. J. Howard, and J. D. Crapo. 1991. Molecular structure of 

a functional rat gene for manganese-containing superoxide dismutasc. 
Am. J. Respir. Cell Mol. Biol. 4:278-286. 

53. Rushmore. T. H., M. R. Morton, and C. B. Pickett. 1991 . The antioxidant 

response element. Activation by oxidative stress and identification of the 
DNA consensus sequence required for functional activity. J. Biol. Chem. 
266:11632-11639. 

54. Prestera. T.. P. Talalay. J. Alam. Y. I. Ahn. P. J. Lee. and A. M. K. Choi. 

1995. Parallel induction of heme oxygenase- 1 and chemoprotective phase 
2 enzymes by electrophtles and antioxidants: Regulation by upstream anti- 
oxidant-responsive elements (ARE). Mol. Med. 1:827-837. 



